Objectives: To contribute to the early risk identification of adult obesity, the anthropometric development in the first 23 years of life as a potential predictor for adult obesity was assessed. To identify the period (7-11 years, 11-16 years and 16-23 years) and type of anthropometric measure difference (weight, height and body mass index (BMI) gains) accounting for the best prediction of obesity at 33 years. Subjects/Methods: A total of 4952 members of the 1958 British birth cohort with full information on anthropometric measures. Follow-up examinations at 7, 11, 16, 23 and 33 years were analyzed with receiver-operating characteristics (ROCs). Results: Overall 505 cohort members (10.2%) were obese at 33 years. BMI and weight gains between 7 and 11 years were the best-observed predictors for obesity at 33 years with an area under the ROC curve of 0.72 (95% confidence interval (CI): 0.69; 0.74) and 0.73 (95% CI: 0.71; 0.76), respectively. Height gain failed as a significant predictor at any lifetime interval. BMI gain between 7 and 11 years yielded a positive predictive value of 20% (95% CI: 19; 21) compared to 19% (95% CI: 18; 20) for weight gain. The prediction of BMI and weight gains between 7 and 11 years seemed to be unrelated to sex and the onset of puberty. Conclusions: High weight or BMI gain from 7 to 11 years should be considered as risk factor of later obesity. These predictors combined with others might allow for targeting preventive measures at a high-risk sub-population.
Introduction
The prevalence of obesity and its related morbidity is increasing in industrialized countries worldwide (Ogden et al., 1997; Dietz, 1998; Bundred et al., 2001; Koletzko et al., 2002) . In obese children, interventions rarely show satisfying long-term results (Feldman, 1994) . Therefore, identifying children and adolescents at high risk and subsequent early interventions might offer a reasonable chance to prevent later obesity but remain a major challenge.
Recent studies reported high infant weight gain as a strong individual risk factor for later obesity (Ong et al., 2000; Stettler and Stallings, 2002; Toschke et al., 2004; Baird et al., 2005) , although the predictive potential at population level was limited (Toschke et al., 2004) . These results point to a possible priming of metabolic regulation during early infant growth. Additional vulnerable time intervals might be situated close to puberty since body composition and hormonal status change significantly during this period (Dietz, 1997) . A growing body of literature seems to suggest a gender-specific relationship between maturation and obesity (Wang, 2002) . Increasing evidence suggests that maturational timing affects body composition in girls (Garn et al., 1986) and in boys (Kindblom et al., 2006; Sandhu et al., 2006) . However, the most vulnerable time interval around maturation is not known yet. Additionally, it remains unclear which of the following variables is the best predictor of later obesity: body mass index (BMI), gender-and agespecific standard deviation scores of BMI (SDS-BMI), weight or length.
To contribute to the early risk identification of adult obesity, we analyzed growth and body weight data on 4952 members of the 1958 British birth cohort (National Child Development Study) and assessed critical time intervals for these data. We used standardized methods such as receiveroperating characteristic (ROC) analysis to identify optimal cut points and to compare anthropometric measures.
Study population and statistical methods
Study population and data sources The National Child Development Study began as the Perinatal Mortality Survey to examine the social and obstetric factors associated with stillbirth and infant mortality among the 17 000 þ babies born in Great Britain from 3 to 9 March 1958 (Ekinysmith et al., 1992) . Details on birth were available for 17 414 (98%) participants including medical records and interviews of mothers by midwives. Follow-up information of survivors was obtained at ages 7, 11, 16, 23, 33 and 42 years. Biases associated with sample attrition, although small, have tended to be in the direction of underrepresenting more deprived social groups over time (Ferri, 1993) . Data were initially obtained following consent by parents. Consent was sought from individual cohort members in later sweeps. Ethics committee approval was obtained for research involving medical examinations, and cohort members signed consent forms at age 33 allowing access to medical records. Details of the study are reported elsewhere (Ferri, 1993) .
Analysis was confined to 4952 cohort members with full information on anthropometric measures at ages 7, 11, 16, 23 and 33 years. Height and weight were measured at medical examinations for each of those follow-up investigations except at age 23 years (self-reported).
Body mass index was calculated as weight in kilograms divided by squared height in meters. SDS-BMI were calculated using Cole's least mean square method, which normalizes the BMI-skewed distribution (Cole, 1990) . We used our study sample as reference population, because it is a national representative sample for the entire cohort born in 1958. Explanatory variables were change in length, weight, BMI and SDS-BMI for different time intervals. The outcome obesity at 33 years of age was defined at a BMI cut point of 30 kg/m 2 according to the recommendations of the WHO (WHO, 2003) . State of puberty in both boys and girls was rated by doctors during the medical examination at 11 years. Boys were classified as pubertal if their genitalia or pubic hair development was rated Tanner Stage II or more. Girls were classified as pubertal if their breast or pubic hair development was rated Tanner Stage II or more.
Statistical analysis
We used t-tests and w 2 tests (as appropriate) for comparisons between characteristics of complete cases and excluded participants. A ROC curve provides a graphical representation of the relationship between the true-and false-positive prediction rate of a model. We calculated ROC using truepositives (sensitivity) and false-positives (1 minus specificity) at all possible cut points as suggested by Choi (1998) . Thus, the optimal curve is given by a vertical line at 0% falsepositives and a horizontal line at 100% true-positives (see Figure 1 for optimal ROC curve). A numerical measure of the accuracy of the model can be obtained from the area under the curve (AUC), where an area of 1.0 indicates perfect accuracy and is observed for the optimal ROC curve, whereas an area of 0.5 indicates that the model makes no better predictions than random (throwing a coin). A placement value for a predictive measure (for example, BMI gain) is the probability that a healthy individual exceeds a certain value of this measure. The ROC curve can be regarded as the cumulative distribution function of these placement values. From this point of view, asymptotic estimates of the variance of the AUC are easy to obtain. Placement values were used to construct confidence intervals (CIs) for the AUC. We compared different ROC curves by a nonparametric test as suggested by De Long et al. (1998) . The Youden index is a commonly used measure of overall diagnostic effectiveness and was used to estimate the optimal cut points for weight, height, BMI and SDS-BMI gains in our analyses. It is a function of sensitivity and specificity (sum of sensitivity and specificity minus 1) and its maximum value is found at the maximum vertical distance/ difference between the ROC curve and the diagonal or chance line.
The positive predictive value (PPV) is the proportion of patients with positive test results who are correctly diagnosed. It reflects the probability that a positive test reflects the underlying condition being tested for. Confidence intervals for the PPVs were calculated based on the binomial distribution. The positive diagnostic likelihood ratio indicates how much the probability of disease increases if the corresponding test (in our case the excess of a certain anthropometric cut point) is positive. Confidence intervals for positive diagnostic likelihood ratios were calculated as suggested by Simel et al. (1991) .
All calculations were carried out with the software package SAS version 9.1 (SAS Institute Inc., Cary, NC, USA) or R version 2.2.1 (R Development Core Team, Vienna, Austria).
Results
The analysis included 2543 girls (51%) and 2409 boys (49%). BMI measures at all ages were similar between the 4952 complete cases and excluded participants with information on anthropometric measures at each follow-up visit (all P-values40.05; see Table 1 for comparison of complete cases to entire sample) except for 7-year-old complete case girls who had with 15.9 kg/m 2 a slightly higher BMI compared to 7-year-old excluded girls with 15.8 kg/m 2 (Po0.05). The prevalence of children with puberty onset at 11 years was similar among complete cases and excluded participants with information on pubertal development with 65 vs 66% for boys (P ¼ 0.30), whereas more girls with pubertal development were included in the complete case sample with 75 vs 71% among excluded participants (Po0.01). A total of 505 cohort members were obese at 33 years according to 10.2% of the study sample. The largest average weight and BMI gain could be observed between 11 and 16 years (mean: 20.1 kg, 3.0 kg/m 2 ), whereas male cohort members gained more weight and BMI compared to female cohort members during this time interval (Table 1 , Po0.001).
Although not always significant, there was a trend of a better predictive ability (as indicated by AUC values, see Table 2 ) of weight gain from birth to 7 years compared to other anthropometric changes from 11 to 16 and 16 to 23 years. However, it was lower compared to the predictive ability for weight and BMI gains in the time interval from 7 to 11 years (both P-valueso0.001; Table 2 ). Similar findings could be observed for SDS-weight changes (data not shown). The best anthropometric predictors for obesity at age 33 were BMI and weight gains from 7 to 11 years with an AUC of 0.72 (95% CI 0.69; 0.74) and 0.73 (95% CI: 0.71; 0.76), respectively, and a positive diagnostic likelihood ratio of 2.21 (95% CI: 2.07; 2.35) and 2.09 (95% CI: 1.97; 2.21) (all P-valueso0.001 for comparison with other time intervals or height or SDS-BMI data). Similarly, the predictive values for weight (data not shown) and BMI gain during other time intervals were almost identical (all P40.05; Figure 1 ; Table 2 ) and did not seem to differ between female and male cohort members (Table 2 ; not tested due to comparison of different populations). The predictions of weight and BMI changes were superior compared to the SDS-BMI change predictions taking gender and age into account for all neighboring time periods (all Po0.001) except for the comparison between SDS-BMI and weight gains during the time period from 16 to 23 years (P ¼ 0.38; Table 2 ).
The overall PPVs of weight, BMI and SDS-BMI gains from 7 to 11 years for adult obesity were with 19, 20 and 20% similar at their optimal cut points and did not significantly differ (all P40.05; Table 3 ). However, they were superior compared to the PPV for height gain from 7 to 11 years at its best optimal cut point (all Po0.05). No association between predictive values/likelihood ratios and sex could be observed (all P40.05; Table 3 ).
Additional analyses included the outcomes overweight (BMIX25 kg/m 2 ) and severe obesity (BMIX35 kg/m 2 ). The AUCs for overweight were 0.65 (95% CI: 0.64; 0.67)/0.63 (95% CI: 0.61; 0.65) for weight/BMI gain from 7 to 11 years, whereas the AUCs for severe obesity were 0.78 (95% CI: 0.75; 0.82) and 0.74 (95% CI: 0.70; 0.79) for weight/ BMI gain from 7 to 11 years.
The BMI gain in different lifetime periods differed by sex and presence of pubertal signs at the age of 11 (all P-valueso0.001; Table 4 ). However, the goodness of prediction of BMI gain in children between 7 and 11 seemed to be unrelated to the presence of pubertal signs at the age of 11: boys and girls with or without pubertal signs showed similar ROC curves which were comparable to the overall curves
( Figure 2 ; not tested due to comparison of different populations). An exploratory comparison of time periods from nonneighboring points revealed for 7-16/7-23/11-23 years an Table 3 Positive DLR þ and PPV for obesity at age 33 years (prevalence 10.2%) at optimal cut point for anthropometric changes between 7 and 11 years Gain between 7 and 11 years Male (N ¼ 2409) 
Discussion
BMI and weight gains between the 7th and 11th year of life were significantly better anthropometric predictors for obesity at age 33 years than anthropometric changes in subsequent time periods. Height gain failed as a serious predictor for adult obesity at any time interval, since the AUC was close to 0.5 for all lifetime periods considered-a prediction similar to tossing a coin. The differences between the time intervals cannot be explained by chance since the ROC curves differed significantly and corresponding CIs for the AUCs did not overlap. The striking predictive potential of weight and BMI gain between 7 and 11 years is remarkable, because this time interval is the shortest one of neighboring time points observed. A priori, one would expect longer time intervals and those closer to the time of measuring the end point to allow for better predictions: the lifetime period from 7 to 11 was more distant compared to 11-16 or 16-23 years and the shortest under consideration.
The reason for choosing time intervals from neighboring measurement dates only was based on the aim to identify critical time intervals of growth, which can be optimally be identified by using the finest available time grid. Additionally, for example weight gain in the time interval from birth to 23 years more or less contains the same information as the static weight value at 23 years, because the birth weight is very small compared to the weight at 23 years. Furthermore, information is lost, when reporting anthropometric changes of other time intervals (for example, 7-16 years, 7-23 years) due to aggregating data of different intervals (larger time grid) and the identification of a critical period with meaningful precision would be hampered. However, an exploratory comparison of the BMI prediction between the time intervals from 7 to 16, 7 to 23, 11 to 23 years and the time interval from 7 to 11 years showed a lower prediction of the time interval from 11 to 23 years that does not include the period around puberty from 7 to 11 years further underlining the importance of this short time interval.
Interestingly, weight and BMI changes yielded a significantly better overall predictability than SDS-BMI changes. Although we followed a different approach, this finding is in accordance with a recent study assessing different BMI measures among apparently healthy growing children aged 29-68 months (Cole et al., 2005) . It was suggested that the easiest obtainable of the BMI parameters, BMI itself, can be used to describe adiposity change.
Possible biological mechanisms
A gender-specific relationship between maturation and obesity has been discussed in the literature (Wang, 2002) . In fact, analysis of weight, height and BMI gains stratified by sex and timing of maturation (Table 4) showed that girls with pubertal signs at 11 years gained significantly more Figure 2 (a, b) ROC curves for weight gain between 7 and 11 years predicting obesity at 33 years (prevalence 10.2%), stratified by sex and pubertal signs at the age of 11 years. ROC, receiver-operating characteristic.
weight, height and BMI between 7 and 11 years than their non-adolescent counterparts. The sex-specific differences in growth between 7 and 11 years in pubertal children and between 11 and 16 years probably reflect the biological timing of the growth spurt, which occurs in early puberty in girls, and in late puberty in boys. The sex-specific differences might imply that the critical period of a high weight gain between 7 and 11 years might be confined to girls with pubertal signs. In contrast to obese boys, obese girls tend to enter puberty earlier than their lean counterparts (Wang, 2002; Reinehr et al., 2005) . The ROC analysis stratified by timing of maturation and sex, however, showed that the observed 'early' weight/BMI gain effect on later obesity is not just an 'early puberty effect', since the predictive potential of weight gain was observed in all strata irrespective of sex and onset of puberty (Figure 2) . Additionally, recent studies reported an inverse association between puberty timing and obesity also for men with lower age at puberty onset as predictor for later obesity (Kindblom et al., 2006; Sandhu et al., 2006) .
Since height gain failed to predict overweight, the increase of height in obese children leading to relative tall stature in prepuberty and puberty but not to increased final height, seems to reflect a consequence of overweight rather than a cause (De Simone et al., 1995) .
Methodological considerations
Body mass index percentiles were used to classify overweight. Although BMI is a good measure for overweight, one needs to be aware of its limitations as an indirect measure of fat mass (Burdette et al., 2006; Demerath et al., 2006; Rogers et al., 2006) . For instance, waist circumference seems to be a better predictor of fat mass (Brambilla et al., 2006) .
The National Child Development Study is a large birth cohort study. Analysis of cases with complete information only, could result in selection bias. To control for a possible selection bias, ROC curves and corresponding measures were compared between subsamples with full information on BMI gain during one time span only (for example, 7-11 years) and the study population with full information on BMI gain for all time periods. ROC curves and the AUC and PPV estimates were almost identical (data not shown). Additionally, key characteristics such as anthropometric measures, proportion of pubertal children at age 11 years were similar between the complete case and entire sample with corresponding information. Therefore, selection bias due to restriction of complete cases appears to be unlikely.
Self-reporting of weight and height at age 23 years might result in reporting bias. A potential non-differential misclassification cannot be ruled out and might have attenuated the predictive ability of weight gain between 16 and 23 years, despite its long interval. However, a differential misclassification by BMI status seems to be unlikely, since the variance of the BMI values of obese and non-obese individuals at 33 and 23 years was almost identical (data not shown).
In the National Child Development Study, parental weight and height were reported when the cohort members were 7 years old. Unfortunately, the answers were recorded in intervals of half a stone (about 3.2 kg) reflecting a low precision for research purposes. However, an exploratory comparison showed a similar prediction, that is for weight gain from 7 and 11 years between children with and without at least one obese parent with an AUC of 0.75 (95% CI: 0.70; 0.80) or 0.73 (95% CI: 0.70; 0.76), respectively, and no change of the prediction after adding parental BMI to an ROC curve from a logistic model (data not shown).
Anthropometric changes for other time intervals such as 7-9 years would have been interesting, but could unfortunately not be examined due to prespecified follow-up investigations.
Although obesity in adolescence was a better predictor for adult obesity than obesity among children in a longitudinal American study (Whitaker et al., 1997) , the anthropometric changes from 7 to 11 years had the highest predictive potential in our study. This might be confusing at first sight, but might be due to the difference in explanatory variables: static values vs changes in anthropometric measurements, which later might be a clinically more important predictor for later obesity. It seems to be plausible that the latest static BMI value before the outcome measurement obesity yields the strongest predictor compared to earlier static BMI values: for instance, a static BMI value on the day before the outcome measurement is certainly a better predictor for BMI/obesity than any previous BMI value with a longer time lag between the predictor and outcome measurement pointing to an inverse relation between time lag and strength of static predictors. In accordance with these considerations, static anthropometric data showed the best prediction of later overweight/obesity for the latest examined BMI value in our study (data not shown). Our results were comparable to other studies on static BMI values and later overweight/obesity showing the highest associations between neighboring measures (Guo et al., 1994; Power et al., 1997; Whitaker et al., 1997; He and Karlberg, 1999; Cheung et al., 2004) . Since two of the studies already used static BMI data of the 1958 British birth cohort (Power et al., 1997; Cheung et al., 2004) . Since our focus was rather on growth than static data, we did not further report associations between static BMI values and later obesity.
To our knowledge, this is the first study assessing the impact of different anthropometric changes around puberty on adult obesity. Although the PPVs at population level are limited, anthropometric development before puberty should be recognized as important individual risk factor for later obesity. These measurements are easy and inexpensive to carry out in daily clinical routine settings and might prompt counseling for affected individuals and/or parents. If combined with other risk factors, the PPV of a high prepubertal BMI gain might justify the implementation of targeted preventive measures against obesity.
